Hamster Lung Cells in Comparison with Chrysotile A Fibers: Masumi ASAKURA, et al. Japan Bioassay Research Center, Japan Industrial Safety and Health Association-Objectives: The potential applications and industrial production of multi-wall carbon nanotubes (MWCNT) have raised serious concerns about their safety for human health and the environment. The present study was designed to examine the in vitro cytotoxicity and genotoxicity of MWCNT and UICC chrysotile A (chrysotile). Methods: Cytotoxicity using both colony formation and lactate dehydrogenase (LDH) assays and genotoxicity including chromosome aberration, micronucleus induction and hgprt mutagenicity were examined by exposing cultured Chinese hamster lung (CHL/IU) cells to MWCNT or chrysotile at different concentrations.
Carbon nanotubes (CNT) forming a cylinder of one or several graphite layers are termed single-wall carbon nanotubes (SWCNT) or multi-wall carbon nanotubes (MWCNT), respectively. Since CNT exhibits outstanding physicochemical and mechanical properties such as high tensile strength, ultra-light weight, thermal and chemical stability, as well as excellent semi-conductive electronic properties, this nanomaterial is expected to have many applications in various sectors of industry such as electronics, construction, aerospace, chemicals, pharmaceuticals and medicine 1) . Annual production volumes of SWCNT and MWCNT in Japan were estimated to be 0.1 and 60 tons in 2008, respectively 2) . The potential applications and industrial production of SWCNT and MWCNT have raised concerns about their safety for human health and the environment. In particular, workers might be at high health risk of excessive exposure to CNT during its handling. Han et al. 3) reported that workers were exposed to 0.33 mg/m 3 in a MWCNT-manufacturing process as measured with a personal sampling device. No epidemiological or medical case studies have been reported on the health outcomes of CNT-exposed workers. Although the toxicity of CNT has been studied both in vivo and in vitro, there is a paucity of toxicity and carcinogenicity data available for the health risk assessment of workers exposed to CNT. Recently, induction of mesotheliomas by intraperitoneal and intrascrotal injections of straight type MWCNT in p53 gene-deficient mice 4) and male F344 rats 5) , respectively, and asbestos-like pathogenicity by intraperitoneal injection of MWCNT in female mice 6) have been reported. Mutation of the k-ras gene locus in the lungs of mice exposed by inhalation to SWCNT 7) and positive clastogenicity and aneugenicity of MWCNT 8) in Type II pneumocytes of female rats intratracheally instilled with MWCNT are also noteworthy. In vitro cytotoxicity studies using SWCNT and MWCNT have revealed varying degrees of cytotoxicity depending on physical dimensions such as length and width, agglomerated or dispersed state, functionalization and metal impurities [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
In vitro genotoxicity studies have demonstrated that SWCNT and MWCNT showed genotoxicity in a micronucleus assay 8) and in a mutation assay with mouse embryonic stem cells 20) , although bacterial mutagenicity was not shown for these nanomaterials [22] [23] [24] . Recent in vivo [4] [5] [6] and in vitro [11] [12] [13] toxicity studies have suggested that the hazardous effects of MWCNT fibers resemble those of asbestos fibers, because of the similarity in physical dimensions and biopersistence of MWCNT and asbestos 25) . The present study was designed to examine the cytotoxicity and genotoxicity of MWCNT, including chromosome aberration, micronucleus induction, and mutagenicity at the hypoxanthine-guanine phosphoribosyltransferase (hgprt) locus, as well as scanning electron microscopic (SEM) and lightmicroscopic observations of MWCNT-exposed cells, in an in vitro study using a Chinese hamster lung (CHL/IU) cell line and therefore to compare the cytotoxicity and genotoxicity of MWCNT with those of UICC chrysotile A (chrysotile) asbestos.
Materials and Methods

Chemicals
MWCNT was donated by MITSUI & Co. Ltd. (MWNT-7, Lot No. 061220, Tokyo, Japan). It was found in our previous study 26) that the mean and SD of the fiber lengths were 5.0 ± 4.5 µm for MWCNT. Fibers longer than 5 µm were found to occupy 38.9% of the total fibers counted, and the mean and SD of the fiber widths were 88 ± 5 nm, resulting in an average ratio of 57. Chrysotile A of UICC (Union Internationale Contre le Cancer) was donated by Dr. M. Kudo, Occupational Health Research and Development Center, Japan Industrial Safety and Health Association. The length distribution of UICC chrysotile A was reported to be 20.7, 34.9, 23.1 and 15.2% for 0.2-0.5, 0.5-1.0, 1-2 and 2-5 µm, respectively 27) , indicating that the distribution of fiber lengths in chrysotile was skewed apparently to shorter lengths than that in MWCNT. MWCNT and chrysotile were used without being purified or further sieved. It was also found in the previous study 26) that MWCNT contained 4,400 ppm (wt/wt) iron, 48 ppm chromium and 17 ppm nickel by graphite furnace atomic absorption spectrometric analysis. Eagle's MEM was purchased from GIBCO (Invitrogen Cell Culture, CA, USA), calf serum (CS) from JRH Biosciences (Kansas City, USA). Carboxymethyl cellulose sodium salt (CMC), dimethylsulfoxide (DMSO) and polyoxyethylene (20) sorbitan monooleate (Tween 80) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Phosphate-buffered saline (PBS) was purchased from Nissui Pharmaceutical Co. Ltd. (Tokyo, Japan). Mitomycin C (MMC) and ethyl methanesulfonate (EMS) used as positive controls were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Ultra-pure water was manufactured inhouse with a water purification system (Milli-Q synthesis A10, Millipore Corporation, MA, USA).
Suspension and dispersion of MWCNT or chrysotile in solvent
Since MWCNT is water-insoluble and is agglomerated firmly to micron-sized particles, it must be suspended in an appropriate solvent and dispersed into isolated fibers by ultrasonication. The most suitable solvent was selected from the following 4 solvents, in combination with the 3-minute ultrasonication. 1) Direct suspension of MWCNT in Eagle's MEM supplemented with 10% heatinactivated CS used as culture medium. 2) Suspension of MWCNT in a mixture of DMSO and the culture medium with a final concentration of DMSO in the culture medium suspending MWCNT of 0.5% (5.5 mg/ml; 70 mM). 3) Suspension of MWCNT in an aqueous solution containing Tween 80 followed by addition of the ultrasonicated suspension into the culture medium. The final concentration of Tween 80 in the culture medium suspending MWCNT was 0.1 mg/ml. 4) Suspension of MWCNT in CMC solution followed by addition of the ultrasonicated suspension into the culture medium. The final concentration of CMC in the culture medium suspending MWCNT was 1 mg/ml. All these solvents displayed no cytotoxicity in the range of the concentrations used here. Since in our preliminary experiment chrysotile was found to be wettable in water, chrysotile was suspended in ultra-pure water (milli-Q). This was added to the culture medium at final concentrations of 0.25 to 50 µg/ml and ultrasonicated for 3 min. An ultrasonic homogenizer (VP-30S, 20 kHz, 300 W, TAITEC Co. Ltd., Tokyo, Japan) was used to ultrasonicate the suspensions of MWCNT or chrysotile. The time period of 3 min for the ultrasonication was determined from the empirical relationship between the time periods of ultrasonication and dispersion of MWCNT as indicated by the size distribution of MWCNT in the DMSO/culture medium. A dynamic light scattering size (DLS) apparatus, Zetasizer Nano DLS Analyzer (Malvern, Worcestershire, UK), was used to measure the size distribution of MWCNT in the suspension. The vertical axis of intensity against hydrodynamic diameters, shown in Fig. 1A and 1B, represents the normalized intensity of the light scattered through the aqueous media containing MWCNT, and was expressed as a percentage of total intensity (total area as 100%). The normalized intensity of scattered light depends on both the number of particles and their sizes.
Cells
A clonal sub-line derived from the lung of a newborn female Chinese hamster (CHL/IU) was donated by the National Institute of Health Sciences (Tokyo, Japan). The cells were cultured in Eagle's MEM supplemented with 10% heat-inactivated CS (culture medium), and grown in a monolayer. The modal chromosome number was 25 and the doubling time was approximately 15 h 28) .
Colony formation assay for cytotoxicity
One hundred cells (20 cells/ml × 5 ml) of single cell suspension were seeded in a 60-mm plastic culture dish, incubated in a culture medium for 24 h, and then replaced with the test substance suspended in culture medium. The cells were exposed to MWCNT at 12.5 to 400 µg/ml or chrysotile at 0.25 to 50 µg/ml for 7 days. Then, the cells were fixed with ethanol for 5 min and stained with 0.1% crystalviolet for 20 min, and colonies were counted under a microscope. The percentage of surviving cells (viability) was calculated by dividing the number of colonies formed during MWCNT treatment by the number of colonies in the control medium and multiplying by 100.
Lactate dehydrogenase (LDH) assay for cytotoxicity
One hundred thousand cells (20,000 cells/ml × 5 ml) were seeded in a 60-mm plastic culture dish, incubated in a culture medium for 48 h, and then replaced with the test substance suspended in culture medium. The cells were exposed to MWCNT at 12.5 to 400 µg/ml or chrysotile at 10 µg/ml for 24 h. The medium containing the test substance was then centrifuged at 13,000 rpm (16,000 × g) for 5 min. The LDH concentration in the supernatant was measured by a Clinical Analyzer (7070, Hitachi, Ltd. Tokyo, Japan). The remaining cells in the dish were transferred to a 0.1% tritonX-100 solution to extract LDH inside the cells, and then centrifuged at 13,000 rpm for 5 min. The LDH concentration in the supernatant was measured by the same method as described above. The LDH release rate was calculated by dividing the concentration of LDH in the test substance 
Chromosome aberration assay
One hundred thousand cells (20,000 cells/ml × 5 ml) were seeded in a 60-mm plastic culture dish, incubated in a culture medium for 24 h, and then replaced with test substance suspended in culture medium. The cells were exposed to MWCNT at 0.078 to 80 µg/ml or chrysotile at 0.8 to 20 µg/ ml for 24 or 48 h. DMSO at 0.5% or ultra-pure water at 5% served as a negative control and MMC at 0.04 µg/ml as a positive control. Treatment concentrations of MWCNT or chrysotile were determined on the basis of the preliminary chromosome aberration assay. For chromosome preparation, colcemid at a final concentration of 0.2 µg/ml was added to the culture medium 2 h before cell harvesting. Chromosomes were prepared by the air-drying method and stained with 2% Giemsa. The cytotoxicity was assessed by counting the trypan blue-stained cells as the dead ones, and expressed as a growth index by dividing the number of viable cells after 24-or 48-hour treatment with MWCNT or chrysotile by that of the respective negative control. The frequency of the cells with various types of structural aberrations including chromatid break, chromatid exchange, chromosome break, chromosome exchange and others (fragmentations except pulverization), for each dose in a 200 well-spread metaphase (100 metaphase/culture), as well as the cells with numerical aberration (polyploidy) were scored.
Micronucleus assay
Twenty-four thousand cells (12,000 cells/ml × 2 ml) were seeded in a 35-mm plastic culture dish, incubated in a culture medium for 24 h, and then replaced with the test substance suspended in culture medium. The cells were exposed to MWCNT at 0.02 to 5.0 µg/ml or chrysotile at 0.1 to 1.6 µg/ml for 48 h. DMSO at 0.5% or ultra-pure water at 5% served as a negative control and MMC at 0.01 µg/ml as a positive control. Treatment concentrations of MWCNT or chrysotile were determined on the basis of the preliminary micronucleus assay. The cells were washed with PBS, fixed with 10% formaline and stained by mounting with 40 µg/ml acridine orange and 10 µg/ml DAPI solution. Immediately after the staining, the cells were observed with fluorescence microscopy using blue excitation, and evaluated for the number of cells having micronuclei, bi-nuclei and multinuclei having more than two nuclei in 2,000 intact interphase cells (1,000 cells/culture). The cytotoxicity was expressed as a growth index by dividing the number of viable cells after the 48-hour treatment with MWCNT or chrysotile by that of the respective negative control. Micronucleus was defined as having less than one-fourth of the diameter of the main nucleus. Numbers of binucleated cells and mitotic cells as well as multi-nucleated cells having more than two nuclei appearing in the same microscopic field were also counted.
Mutation assay at the hgprt locus
Three-hundred thousand cells (30,000 cells/ml × 10 ml) were seeded in a 100-mm plastic culture dish, incubated in a culture medium for 24 h, and then replaced with the test substance suspended in culture medium. The cells were exposed to MWCNT at 6.3 to 100 µg/ml or chrysotile at 1.56 to 25 µg/ml for 48 h. DMSO at 0.5% or ultra-pure water at 5% served as a negative control and EMS at 200 µg/ml as a positive control. Treatment concentrations of MWCNT or chrysotile were determined on the basis of the preliminary mutation assay. Then, the cells were rinsed with PBS and incubated in normal medium for a mutation expression time of 6 days. After the 6-day incubation, the cells were treated with trypsin, and 40,000 cells were transferred to each of twenty 60-mm culture dishes in medium containing 6-thioguanine (6-TG) for mutation selection. One hundred cells transferred to each of three 60-mm culture dishes in normal medium were used for cell viability assessment. After incubating for 10 days, the cell colonies formed were fixed with ethanol and stained with 5% Giemsa, and the number of 6-TG-resistant colonies was counted. The mutation frequency rate was expressed as the scored number of 6-TG-resistant cells per 10 6 cells corrected by the cell viability.
Light-microscopic and SEM observations of cells exposed to MWCNT or chrysotile and MWCNT in the suspension
The cells were exposed to MWCNT or chrysotile for 48 h. For light-microscopic observation, the cells exposed to MWCNT were fixed with methanol, and stained with 5% Giemsa. The chrysotile-exposed cells were fixed with methanol and observed under a phase-contrast microscope. For the SEM cell observation, the cells were pre-fixed in 1% glutaraldehyde in PBS, rinsed 4 times in PBS, and dehydrated using increasing concentrations of ethanol. After ethanol was replaced with t-butanol, the samples were subjected to critical point drying and sputter-coated with Pt. The cells and MWCNT or chrysotile were examined by SEM (SU-8000, Hitachi, Ltd., Tokyo, Japan). In order to examine whether MWCNT was dispersed in the culture medium, MWCNT was suspended in the DMSO/culture medium at 400 µg/ ml and ultrasonicated for 3 min. Then, the suspension was diluted to 1/10 in the medium, dripped onto an Isopore Track-Etched membrane filter (Millipore, Bedford, USA) and dried. After the filter was sputtercoated with Pt, MWCNT was observed by SEM.
Statistical analysis
The statistical significance of the dose-response relationship was tested by the Cochran-Armitage test. Fisher's exact test was used for statistical comparisons between data of the dosed-groups and the respective controls. p values of less than 0.05 were considered to be statistically significant. A positive response showing mutagenicity at the hgprt locus was judged as being biologically significant, when the mutation rate of the cells exposed to MWCNT or chrysotile was 2-fold greater than the negative control.
Results
Suspension and dispersion of MWCNT or chrysotile in solvent
In the present study, the distribution of hydrodynamic diameters of MWCNT in the suspension as assessed by the DLS measurement was used as an indicator of the MWCNT dispersion in the suspension. As shown in Fig.  1A ,
. This result indicates that MWCNT was dispersed more finely in DMSO/culture medium than in culture medium, CMC or Tween 80, when the ultrasonication duration was fixed at 3 minute. As shown in Fig. 1B , the 3-or 10-minute ultrasonication was found to decrease the hydrodynamic diameters of MWCNT more finely than the 1-minute ultrasonication. Besides, a small peak of 300 nm in the hydrodynamic diameter appeared after the 10-minute ultrasonication. A SEM image (Fig. 1C) revealed that MWNT was not agglomerated but dispersed into single, isolated fibers in the DMSO/culture medium after the 3-minute ultrasonication. Figure 2A shows the effects of solvents used for the MWCNT suspension on cytotoxicity as evaluated by a colony formation assay with CHL/IU cells. The cell viability decreased with an increase in dose levels of MWCNT for all the solvents, and the cell viability tended to decrease in the following order: DMSO/culture medium>culture medium>Tween 80>CMC. DMSO/ culture medium exhibited the most potent cytotoxicity of MWCNT among the four solvents, suggesting that addition of DMSO to the culture medium (MEM+10% CS) helped to assure good dispersion of hydrophobic substances leading to potent toxicity. The dose-response curves of the cytotoxicities of chrysotile and MWCNT ( Fig. 2A) revealed that the cytotoxicity of chrysotile was much more potent than that of MWCNT, when evaluated by the colony formation assay. Figure 2B shows effect of ultrasonication duration on the cytotoxicity of MWCNT as evaluated by the colony formation assay. After 3-minute ultrasonication, MWCNT tended to exhibit more potent cytotoxicity at dose levels greater than 100 µg/ml than after 1-or 10-minute induced any type of structural chromosome aberrations for the 24-or 48-hour continuous treatment at the designated dose levels. On the other hand, both MWCNT and chrysotile induced numerical chromosome aberrations of polyploidy in a significantly dosedependent manner as indicated by the Cochran-Armitage test. A significantly increased number of cells showing polyploidy was observed for MWCNT at 5 µg/ml and above in the 24-hour treatment and at 1.3 and 5 µg/ml in the 48-hour treatment. Chrysotile significantly induced higher polyploidy at lower dose levels than MWCNT did on an equal mass basis. The minimum dose levels of MWCNT and chrysotile for the significant induction of ultrasonication. On the basis of this result, the time period for ultrasonication of the MWCNT suspension was fixed at 3 min throughout the present study. Figure 2B also shows that both colony formation and LDH assays exhibited clear but different dose-response curves for cytotoxicity. It was also found that the LDH release rate of chrysotile at 10 µg/ml was greater than that expected from the dose-response curve of MWCNT, indicating that chrysotile damaged the CHL/IU cells more severely than MWCNT on an equal mass basis.
Cytotoxicity
Chromosome aberration
As shown in Table 1 , neither MWCNT nor chrysotile polyploidy corresponded to those at which the cell viability, as indicated by the growth index, exceeded 60% for MWCNT and 80% for chrysotile. MMC, which was used as a positive control, did not induce the numerical chromosome aberration but significantly increased the frequency of structural chromosome aberrations which consisted primarily of chromatid break and exchange.
Micronucleus induction
As shown in Table 2 , no statistically significant increase in the number of micronucleated cells was found at any dose level of MWCNT as compared with the negative control, although MWCNT exhibited a statistically significant dose-dependent micronucleus induction as indicated by the Cochran-Armitage test. Chrysotile showed a statistically significant increase in the number of micronucleated cells at 0.4 µg/ml and above, in addition to a significant dose-response relationship for the micronucleated cells. However, it should be pointed out that the number of micronucleated cells induced by MWCNT or chrysotile at the maximum dose level increased by less than 2-fold as compared with the respective negative controls. This result indicates that the statistical increase is marginal. On the other hand, MWCNT significantly increased the numbers of binucleated and multi-nucleated cells at 0.31 µg/ml and above and at 1.3 µg/ml and above, respectively, as compared with the negative controls, and also in a dosedependent manner as indicated by the Cochran-Armitage test. Notably, the numbers of bi-nucleated and multinucleated cells induced by MWCNT at 5.0 µg/ml were increased 14-and 8.6-fold, respectively, as compared with the respective control levels. Chrysotile also significantly increased the bi-nucleated and multi-nucleated cells at 0.4 µg/ml and above in a dose-dependent manner. Statistically significant induction of bi-nucleated cells by chrysotile occurred at approximately the same dose level as that by MWCNT on an equal mass basis. The numbers of bi-nucleated and multi-nucleated cells induced by chrysotile at 1.6 µg/ml were increased 17-and 13-fold, respectively, as compared with the respective control levels. The minimum dose levels of MWCNT and chrysotile for the significant induction of bi-nucleated and multi-nucleated cells corresponded to those at which the cell viability as indicated by the growth index exceeded 70% for MWCNT and 80% for chrysotile. MMC markedly induced micronuclei without the formation of bi-nucleated cells. Table 3 shows mutation rates and viabilities of CHL/ IU cells exposed to MWCNT or chrysotile at different dose levels. Neither MWCNT nor chrysotile was negative for the mutagenicity at the hgprt locus with CHL/IU cells, although the exposures to MWCT and chrysotile decreased the cell viabilities to 21% and 17%, respectively, in a dose-dependent manner. Exposure of CHL/IU cells to EMS, a positive control, at 200 µg/ml induced clearly positive mutagenicity at the hgprt locus.
Mutation at the hgprt locus
Cellular uptake of MWCNT and chrysotile
Light-microscopic observation, shown in Fig. 3A , revealed that dispersed and isolated MWCNT fibers were internalized in CHL/IU cells and were localized in the cytoplasm. Long MWCNT fiber bridging two cells and a multi-nucleated cell noteworthy. Cellular internalization of MWCNT was confirmed by SEM observation, as shown in Fig. 3B . The cellular uptake of MWCNT fibers was incomplete, and Fig. 3B shows a MWCNT fiber of longer than 5 µm penetrating into a cell in the highly magnified inset. Both phase-contrast microscopic and SEM observations also showed cellular uptake and localization of long chrysotile (Fig. 3C) , and incomplete internalization and cytoplasmic penetration of chrysotile fibers longer than 10 µm (Fig. 3D) in the same manner as MWCNT.
Discussion
Cytotoxicity
In the present study, MWCNT-exposed CHL/IU cells exhibited a dose-dependent increase in cytotoxicity as evaluated by both the colony formation and LDH assays. The degree of MWCNT-induced cytotoxicity was found to depend on the solvent used for suspension of hydrophobic MWCNT and the ultrasonication duration of the MWCNT suspension. Suspension of MWCNT in DMSO/culture medium and subsequent 3-minute ultrasonication induced the highest MWCNT-induced cytotoxicity, giving the most sensitive dose-response relationship of cytotoxicity as evaluated by the colony formation assay. It was also found by DLS measurement that the hydrodynamic diameter of MWCNT decreased i n t h e f o l l o w i n g o r d e r o f s o l v e n t s : Tw e e n 80>CMC>culture medium>DMSO/ culture medium under a fixed condition of 3-minute ultrasonication ; and hydrodynamic diameters decreased in the following order of ultrasonication duration: 1 min>3 min=10 min in the of DMSO/culture medium. Therefore, it can be inferred from the present results that the degree of MWCNTinduced cytotoxicity tended to increase with a decrease in the hydrodynamic diameter of MWCNT in the culture medium, presumably due to the effective dispersion of agglomerated MWCNT to isolated MWCNT by ultrasonication and also the solvent, containing DMSO and serum. DMSO has been reported to facilitate good dispersion of hydrophobic MWCNT 11) at 0.5% which is below the DMSO concentration that inhibited cellular death due to scavenging reactive oxygen species (ROS) at concentrations ranging from 140 to 280 mM 29) . Consistently, our SEM observation confirmed good dispersion of agglomerated MWCNT into single, isolated fibers in the DMSO/culture medium after the 3-minute ultrasonication (Fig. 1C) . However, it should be pointed out that although the 10-minute ultrasonication produced a submicron-sized, small peak of 300 nm in hydrodynamic diameter, the cytotoxicity of MWCNT after the 10-minute ultrasonication was less potent than that after the 3-minute ultrasonication. This result suggests that exposure of CHL/IU cells to the submicronsized MWCNT at the relatively low levels does not enhance the cytotoxicity.
The present result that MWCNT induced dosedependent release of LDH from CHL/IU cells is comparable with the finding of Muller et al. 8) that MWCNT induced a dose-dependent increase in the release of LDH from rat lung epithelial (RLE) cells together with decreased mitochondrial activity in the same cells as measured with the dimethylthiazole-tetrazolium (MTT) assay. It has been generally recognized that cytotoxicity is causally related to cellular internalization of CNT 30) , while cellular generation of ROS is involved in the mechanism of cytotoxicity for asbestos fibers 31) , in addition to internalization. However, it remains unclear whether the internalized CNT causes cytotoxicity through generation of ROS. Unpurified, iron-rich CNT but not purified CNT was reported to produce ROS in in vitro studies [18] [19] [20] . Recently, Tabet et al. 13) reported that MWCNT containing 2% iron decreased in vitro cell viability without internalization of MWCNT in human lung epithelial cells or production of intracellular oxidative responses as implied by RNA expression of different genes. It is noteworthy in the present study that both MWCNT and chrysotile were incompletely internalized in CHL/IU cells, resulting in cytoplasmic penetration of these two fibers, and localization in the cytoplasm (Fig. 3) . Consistent with the present observation, cellular uptake of MWCNT has been demonstrated by light-and electronmicroscopy 9, 10, 14, 18, 21) . In this context, it is also interesting to note that in vivo exposure to long and thin MWCNT fibers caused frustrated phagocytosis and multi-nucleated D giant cells as reported by Poland et al. 6) and incomplete cytoplasmic penetration of fibers as reported by Hubbs et al. 32) . Therefore, MWCNT-induced cytotoxicity might be causally related to possible isolation and dispersion of agglomerated MWCNT in the DMSO/culture medium, which would facilitate uptake of MWCNT fibers into CHL/IU cells, possibly causing cellular impairment by the MWCNT fibers, and leading to growth inhibition and cellular death. Our previous study 26) suggested, on the basis of Fe analysis and two in vitro and in vivo findings 18, 19) , that an iron content of 0.44% in MWCNT exerts little effect on cell viability through Fe-induced ROS production, since pharyngeal aspiration of purified SWCNT containing 0.23% Fe in mice did not generate detectable signals from iron paramagnetic centers that would be readily detectable by ESR spectroscopy in the unrefined, iron-rich SWCNT 18) . Also, iron-rich SWCNT (26% Fe) caused significant loss of intracellular GSH and accumulation of lipid hydroxides in RAW 264.7 macrophages as compared with iron-stripped SWCNT (0.23% Fe) 19) . In this context, it was noteworthy in the present study that the cytotoxicity of chrysotile was more potent than that of MWCNT on an equal mass basis, although there are similarities in iron content and size distribution between MWCNT and chrysotile fibers [25] [26] [27] . The surface properties of MWCNT as well as its physical dimension may play important roles in its cytotoxicity, as suggested by Tian et al. 16) .
Genotoxicity
The in vitro genotoxicity of MWCNT found in the present study can be characterized by numerical but not structural chromosome aberration. Chromosomes showed polyploidy, and significantly increased numbers of binucleated and multi-nucleated cells without clear micronucleus induction, as well as negative hgprt mutagenicity. Chrysotile exhibited genotoxicity which was essentially the same as MWCNT, except for marginal but significant induction of micronuclei.
It has been reported that MWCNT shows negative bacterial mutagenicity in the presence and absence of metabolic activation [22] [23] [24] . The present hgprt mutagenicity assay can detect gene mutation in mammalian cells and confirmed the negative mutagenicity of MWCNT and chrysotile for CHL/IU cells as demonstrated by the bacterial mutagenicity assay. It is indicated, therefore, that neither MWCNT nor chrysotile interact directly with DNA.
The present results for MWCNT in the chromosome aberration assay can be contrasted with the findings of Muller et al. 8) that MWCNT statistically increased the numbers of bi-nucleated MCF-7 cells containing centromere-positive and -negative micronuclei, and that the frequency of micronucleated cells of both RLE and human breast carcinoma (MCF-7) exposed to MWCNT was increased in a dose-dependent manner. Their former finding with the fluorescence in situ hybridization (FISH) using a human pancentromeric probe is considered to be suggestive of the occurrence of both clastogenic and aneugenic events induced by MWCNT. However, the present results from the chromosome aberration and micronucleus induction assays revealed that MWCNT induces polyploidy but not micronuclei in a manner similar to chrysotile, while both MWCNT and chrysotile significantly increased the numbers of bi-nucleated and multi-nucleated cells. Since the distribution of lengths of MWCNT fibers was skewed to longer lengths than that for chrysotile, and since the long fibers of MWCNT were similar in appearance to those of asbestos fibers 6, [25] [26] [27] , the mechanisms underlying significant induction of binucleated and multi-nucleated cells by MWCNT can be surmised on the basis of the following literature. Jensen et al. 33) demonstrated that long crocidolite asbestos fibers cause polyploidy by sterical blocking of cytokinesis, leading to the formation of bi-nucleated cells. Shi and King 34) reported that chromosome non-disjunction is tightly coupled to cytokinesis failure resulting in the formation of tetraploid cells, and that coupling of chromosome non-disjunction with cytokinesis failure may potentiate mis-segregation during subsequent cell division, leading ultimately to the formation of aneuploid cells through multipolar mitosis of tetraploid cells. Taking these findings together, the significant induction of polyploidy without clear micronucleus induction by MWCNT, through the formation of bi-nucleated and multi-nucleated cells, is considered to result from the interference of long and thin MWCNT and chrysotile fibers with components of the mitotic spindle during chromosome segregation or from sterical blocking of cytokinesis. Our inference is consistent with the microscopic observation of Mangum et al. 35) that a small fraction of alveolar macrophages from the lung of SWCNT-exposed rats was bridged by intracellular SWCNT that extended into the cytoplasm of two macrophages. It can be suggested, therefore, that the genotoxicity of long and thin MWCNT might be causally related to indirect interactions of MWCNT with DNA causing genomic instability such as aneugenic events, rather than direct interactions of MWCNT with DNA causing mutation and clastogenic events, neither of which were observed in the present study. Long MWCNT fibers have been reported to cause mesotheliomas in mice 4) and rats 5) and to behave like long asbestos fibers in the mouse peritoneal cavity 6) . However, Muller et al. 36) reported no significant induction of mesotheliomas in a 2-year bioassay in the peritoneal cavity of rats that received a single intraperitoneal injection of MWCNT, whereas crocidolite induced mesothelioma. Since the MWCNT that Muller et al. used was reported to contain short and tangled fibers of about 0.7 µm in length 36) , it can be suggested that long (>5 µm) and straight MWCNT fibers elicit the carcinogenic response. Further study is urgently needed to explore possible causative factors such as physical and physicochemical properties of MWCNT, using in vitro assay systems, such as a cell transformation assay that might reflect the initiation and promotion stages of early carcinogenesis by MWCNT better than the genotoxicity assays used in the present study.
Conclusions
Cytotoxicity of MWCNT depended on the solvent used for suspension of MWCNT and the ultrasonication duration of the suspension, suggesting that the cytotoxicity is causally related to dispersion and isolation of agglomerated MWCNT. The cytotoxicity of chrysotile was greater than that of MWCNT. The genotoxicity of MWCNT and chrysotile was characterized by negative hgprt mutagenicity, insignificant induction of micronuclei, the formation of polyploidy without structural chromosome aberration, and increased numbers of bi-nucleated and multi-nucleated cells. SEM observation showed that MWCNT and chrysotile were incompletely internalized in the cells and localized in the cytoplasm. It was suggested that the genotoxicity of MWCNT and chrysotile may arise not from direct interaction with DNA, but from the physical interference of these two fibers with biological processes during cytokinesis.
